Mammalian genomes are highly complex, with neighboring genes arranged in divergent, convergent, tandem, anti-sense, and interleaving fashions (Carninci et al. 2005 Kapranov et al. 2005; Carninci 2006; Engstrom et al. 2006) . Despite the vast genomic space, a substantial portion of human genes (∼11%) are arranged in a divergent, head-to-head fashion and controlled by bidirectional promoters (Trinklein et al. 2004 ). We define a bidirectional promoter as an intergenic region that is <1 kb long, and flanked by the transcription start site (TSS) of a plus-strand gene on one side and the TSS of a minus-strand gene on the other. This abundance has been observed across several mammalian genomes (Adachi and Lieber 2002; Koyanagi et al. 2005) , suggesting that there is evolutionary pressure for conserving this type of gene-pair structure. Some divergent genes are related by function, in particular DNA repair (Adachi and Lieber 2002; Trinklein et al. 2004) , and could be coregulated in a way that takes advantage of their paired arrangement. Indeed, the expression patterns of divergent gene pairs are more correlated than those of randomly paired genes (Trinklein et al. 2004) .
Investigators have examined the sequences of bidirectional promoters for clues as to how they regulate both downstream genes. For example, most bidirectional promoters lack TATA boxes and are both GC-rich and enriched in CpG islands (Adachi and Lieber 2002; Takai and Jones 2004; Trinklein et al. 2004) . They also display a mirror sequence composition, such that Gs and Ts dominate on one side of the midpoint, while Cs and As dominate on the other side (Engstrom et al. 2006) . How these general features influence the binding of transcription factors (TFs) to bidirectional promoters is unknown. While numerous studies have summarized the composition of sequence motifs in unidirectional promoters (Ettwiller et al. 2005; Xie et al. 2005) , none have addressed bidirectional promoters specifically. TFbinding sites of individual bidirectional promoters have been experimentally identified (Carter and Avadhani 1994; Bush et al. 2003; Patton et al. 2005) , but the results are difficult to generalize. In this study, we formulate a three-category conceptual framework to classify sequence motifs in bidirectional promoters computationally as overrepresented, shared, or underrepresented ( Fig. 1) .
We took advantage of the immense repository of ChIP-chip target lists that were made public by The ENCODE Project Consortium to evaluate the biological relevance of our computational categorization. We analyzed 32 ChIP-chip experiments on 15 factors, including nine TFs, four types of modified histones, RNA polymerase II (POLR2A), and TATA-associated factor 1 (TAF1), and classified them as overrepresented, shared, or underrepresented. We complemented this survey by performing an in-depth case study of one overrepresented TF, GABPA, which has consensus binding sites in many bidirectional promoters. We performed GABPA ChIP-qPCR on 118 regions in the human genome and experimentally confirmed that the occupancy of GABPA is overrepresented in bidirectional promoters. Furthermore, we found that regions bound by GABPA tend to have highscoring (see Methods for scoring definitions) binding sites. In our previous study, we made a series of deletions in several bidirectional promoters and showed that most of these contain a shared fragment necessary for full promoter activity in both directions in a transient transfection assay system (Trinklein et al. 2004 ). In the current study, we further mutated bases throughout the 30-bp fragment from one promoter and identified 12 bases overlapping the GABPA consensus that were essential for bidirectional promoter activity.
Because bidirectional promoters have the ability to activate two downstream genes concurrently, one of our goals was to determine whether there are sequence signatures that distinguish this mode of regulation from that of unidirectional promoters. In addition to identifying such signatures, we found evidence for overrepresentation for the binding of certain TFs and modified histones. We experimentally verified the binding of a transcription factor, GABPA, in bidirectional promoters. Detailed analysis reveal that the dominant mode of transcription in bidirectional promoters is to activate both downstream genes, and that this can be achieved with as little as a single TF binding site.
Results

Three types of TF motifs
A bidirectional promoter can be viewed simply as two unidirectional promoters sharing the same genomic space. Consequently, we would expect the occurrence of a motif in a bidirectional promoter to be, on average, equal to the sum of the occurrences of the motif in two unidirectional promoters. Systematic deviation from the sum would indicate exceptional motif composition in bidirectional promoters.
We define a three-category framework to describe motif representation in bidirectional promoters ( Fig. 1): (1) Overrepresented: The number of binding sites in bidirectional promoters is larger on average than the sum of sites in two unidirectional promoters. (2) Shared: The number of binding sites is larger in bidirectional promoters than is the number of sites in a single unidirectional promoter, but smaller than the sum of sites in two unidirectional promoters. (3) Underrepresented: The number of binding sites in bidirectional promoters is smaller than the number of sites in a single unidirectional promoter.
We hypothesize that overrepresented motifs correspond to TFs that are more likely to bind to bidirectional promoters than to unidirectional promoters, so much so that their binding-site abundance in bidirectional promoters exceeds expectation (sum of sites in two unidirectional promoters). In contrast, underrepresented motifs correspond to TFs that preferentially regulate unidirectional promoters. TFs of shared motifs show no preference, possibly corresponding to potent regulators, as they do not require augmentation to the number of binding sites for effective usage in bidirectional promoters, assuming multiple sites lead to a higher likelihood of binding.
Ab initio motif discovery in bidirectional promoters
We first wished to determine whether bidirectional promoters distinguish themselves from unidirectional promoters by housing a special set of motifs. We compiled two data sets of bidirectional promoters and one data set of unidirectional promoters for comparison (see Methods for details). The smaller, higher quality set of 376 bidirectional promoters was analyzed by the ab initio motif discovery algorithm MEME (Grundy et al. 1996) , and the sequences from a larger set of 1304 bidirectional promoters were used to categorize motifs as overrepresented, shared, or underrepresented. We randomly sampled 1304 pairs of unidirectional promoters from a total of 13,205 in the human genome and matched them with the 1304 bidirectional promoters for CpG content and length to avoid selection bias. We required MEME to output 15 motifs, but several of these were reverse complements of each other or single nucleotide repeats, and thus, the list was reduced to seven unique motifs (Supplemental Fig. S1 ). Among these, we categorized five as overrepresented (NRF-1, CCAAT, GABPA, YY1, and ACTACAnnTCCC), one as shared (SP1), and one as underrepresented (Novel 1) (Fig. 2) .
The increased presence of these motifs in bidirectional promoters is consistent with the overrepresentation of certain Gene Ontology (GO) categories among divergent genes (Boyle et al. 2004; Harris et al. 2004) . For example, NRF-1 is a key regulator of nuclear genes encoding components of the mitochondrial transcription and replication machinery (Gopalakrishnan and Scarpulla 1995) , and divergent genes are enriched in the GO term "mitochondrion" (GO:0005739, P = 1.2 ‫ן‬ 10 ‫9מ‬ ). Overexpression of YY1 has been shown to accelerate DNA repair (Oei and Shi 2001) and there is also an enrichment for the molecular function "response to DNA damage stimulus" (GO:0006974, P = 8.2 ‫ן‬ 10
‫6מ‬
) among divergent genes. The motif for GABPA (also called NRF-2) is also categorized as overrepresented, and like NRF-1, is implicated in the transcriptional regulation of several subunits of mitochondrial enzymes (Scarpulla 2006) . We revisit GABPA in a case study further below.
Similarly, CCAAT-boxes (bound by NF-Y) are frequently found in TATA-less promoters (Mantovani 1999) , and TATA boxes are underrepresented in bidirectional promoters (Trinklein et al. 2004) . We also discovered a motif with the consensus ACTACAnnTCCC and classified it as overrepresented in bidirectional promoters. This motif was previously reported by Xie et al. with the consensus ACTAYRnnnCCCR and was ranked fourth of 174 motifs in terms of conservation across several mammalian promoters (Xie et al. 2005) . Because the top three motifs in their study correspond to known transcription factors, this is actually Figure 1 . Three types of motif representation in bidirectional promoters. Motifs in the overrepresented category occur more often (e.g., four times) than the sum of occurrences in two unidirectional promoters (e.g., 2 + 1 = 3 times). Motifs in the shared category occur as often (e.g., three times) as the sum of occurrences in two unidirectional promoters. Motifs in the underrepresented category occur less often (e.g., once) than the sum of occurrences in two unidirectional promoters.
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All five overrepresented motifs in bidirectional promoters are among the most conserved motifs in mammalian promoters at large: NRF-1, CCAAT, GABPA, YY1, and ACTACAnnTCCC were ranked by Xie et al. as No. 1, 5, 11, 10, and 4, respectively (Xie et al. 2005) . Interestingly, we did not discover any novel motif that binds exclusively to bidirectional promoters.
TRANSFAC motif presence in bidirectional promoters
We used our motif classification framework to compare abundances of known vertebrate motifs from TRANSFAC (Wingender et al. 1996; Fu and Weng 2005) in bidirectional and unidirectional promoters. Of 604 motifs in the TRANSFAC vertebrate set, 47 are overrepresented, 117 are shared, and 440 are underrepresented. The aforementioned seven ab initio motifs and their corresponding TRANSFAC motifs are consistent in their categorizations, demonstrating the robustness of our approach and the high quality of the position-specific scoring matrices (PSSMs) discovered by MEME. To circumvent the redundancy in TRANSFAC, we calculated Pearson correlations between all PSSM pairs in each category using the malign algorithm , setting a cutoff at 0.2, and obtaining 20, 67, and 230 unique motifs for each category, respectively. In both the nonunique and unique cases, the majority (440/604 = 73% and 230/317 = 73%) of TRANSFAC vertebrate motifs are underrepresented in bidirectional promoters ( Fig. 2 ; Supplement 2). These results are consistent with a model that divergent genes are regulated by a limited set of transcription factors, despite the fact that they make up a substantial portion of human genes.
Positional preference of motifs in bidirectional promoters
Approximately 28% of known motifs show significant positional preference relative to the transcription start sites (TSSs) of human genes (Xie et al. 2005) . Because bidirectional promoters have varying lengths, we assessed the positional preferences of the ab initio motifs on normalized promoter lengths. We plot the positional-specific histogram relative to the length of the bidirectional promoter in the column labeled "Relative" (Supplemental Fig. S2 ), where the number 0 is closest to the TSS of the reversestrand gene, and the number 1 is closest to the TSS of the forward-strand gene. The positional-specific histograms in absolute bases are also aligned to the reverse-strand gene or the forwardstrand gene. The CCAAT box has a bimodal distribution, with peaks at 0.3 and 0.7, corresponding to symmetric placement on the bidirectional promoter around one-third of the way in from each TSS. GABPA has a concave-shaped distribution, peaking close to the flanking TSSs, which is consistent with its position specificity of ‫32מ‬ in unidirectional promoters. Novel 1 appears to have a multipeak distribution. ACTACAnnTCCC, NRF-1, and SP1 display no position specificity, despite showing specificity in unidirectional promoters at ‫,98מ‬ ‫,26מ‬ and ‫,36מ‬ respectively (Xie et al. 2005) . One explanation is that the consensus sequences for NRF-1 and SP1 are composed almost entirely of Gs and Cs; thus, their binding sites are frequently found throughout the GC-rich bidirectional promoters. In general, all seven motifs exhibit less positional specificity in bidirectional promoters than in unidirectional promoters, consistent with a model that some of these motif sites are involved in regulating both of the divergent genes.
Correlated transcription profiles of divergent genes
Several studies reported that divergent genes have more correlated expression patterns than randomly paired genes (Adachi and Lieber 2002; Trinklein et al. 2004; Li et al. 2006 ). As described above, we observed a small set of well-studied motifs to be enriched in bidirectional promoters; thus, we wished to examine whether divergent genes as a group had correlated expression patterns. We computed the Pearson correlation coefficients between the expression profiles (Su et al. 2004 ) of divergent genes from different bidirectional promoters and indeed observed a significant upward shift in their distribution with respect to that of randomly paired genes from unidirectional promoters ( Fig. 3 ; P <2.2 ‫ן‬ 10 ‫61מ‬ by the Wilcoxon rank sum test). Divergent gene pairs from the same bidirectional promoters are even more correlated (P = 1.2 ‫ן‬ 10 ‫11מ‬ compared with mismatched divergent genes and P <2.2 ‫ן‬ 10 ‫61מ‬ compared with genes of unidirectional promoters, by the Wilcoxon rank sum test). Setting cutoffs at the fifth and 95th percentiles of the background distribution defined as that of unidirectional promoters, 27% of divergent gene pairs were coregulated, and 1.7% were antiregulated. These figures are close to the 17% and 1.8% we reported earlier, in which we used a different set of microarray data (Trinklein et al. 2004 ).
Bidirectional promoters and ChIP-chip experiments in the ENCODE regions
Taking advantage of publicly available ENCODE ChIP-chip data sets, we analyzed the binding preferences of seven sequencespecific factors, four sequence nonspecific factors, and four types of modified histones in a specified set of regions that make up 1% of the human genome (The ENCODE Project Consortium 2004). We analyzed the target lists of the ChIP-chip experiments reported at a 10% false discovery rate cutoff. By comparing the percent overlap (defined as within 500 bp) of these target lists in ENCODE bidirectional promoters with twice the percent overlap in ENCODE unidirectional promoters, we again categorized these factors and modified histones into overrepresented, shared, or underrepresented in bidirectional promoters (see Methods; Fig. 2 ).
The sequence-specific factors we analyzed included JUN, MYC, E2F1, E2F4, SP1, SP3, and STAT1. We found that MYC, E2F1, and E2F4 were overrepresented, as the percent overlap of their target lists with bidirectional promoters was more than twice that with unidirectional promoters at every target-list rank cutoff (Fig. 4) . Our motif analysis above indicates that SP1 and SP3 were shared, but their ChIP data indicates that they preferentially bind to bidirectional promoters in Jurkat cells, show no preference in HCT116 cells, and show preference for unidirectional promoters in K562 cells. Careful examination reveals that this cell-line specificity is slight (Supplement 3), consistent with the classification of SP1 and SP3 as shared motifs. In summary, bidirectional promoter binding in living cells for a majority of TFs (E2F1, E2F4, SP1, SP3, and STAT1) are classified in the same way as their canonical sequence motifs.
Among the four nonsequence-specific factors, TAF1 and POLR2A are overrepresented, while SMARCC1 and SMARCC2 are underrepresented in bidirectional promoters. Modified histones H3ac, H3K4me2, and H3K4me3 are overrepresented, while H4ac is underrepresented (Fig. 2) . TAF1, POLR2A, and modified histones generally occur near the TSS, which might bias our analysis, but our method takes this into account by comparing percent overlap in bidirectional promoters with twice the percent overlap in unidirectional promoters. We show that these factors and modified histones occur in bidirectional promoters above and beyond the expectation at all rank cutoffs (Fig. 4) . Because the presence of H3ac and H3K4me3 are powerful predictors of active transcription (Allfrey et al. 1964; Grant 2001; Bernstein et al. 2005) , the overrepresentation of these modified histones and the TAF1 and POLR2A binding suggest that the proportion of transcribed divergent genes is larger than that of other genes.
We also analyzed the gene expression data on four cell lines (GM06990, HFL1, HeLa, and MOLT4) (Koch et al. 2007 ). We used the Present calls by Affymetrix MAS5.0 software to designate transcribed genes. Sixty-eight percent of divergent genes in ENCODE regions were consistently transcribed across these four cell lines, whereas only 45% of all human genes were consistently transcribed. This is consistent with the aforementioned results on modified histones and TAF1 and POLR2A binding.
The binding levels of modified histones around bidirectional promoters in the ENCODE regions
Levels of modified histones H3K4me2, H3K4me3, and H3ac have been shown to correlate positively with the level of transcription (The ENCODE Project Consortium 2007). We examined the average levels of these modified histones around individual bidirectional promoters by analyzing ChIP-chip experiments conducted on HeLa cells (Supplement 3). We observed that the ChIP intensities tended to be diminished throughout the bidirectional promoter region, but elevated immediately downstream of the flanking TSSs (Supplement 3; Supplemental Table S1 ). The average downstream ChIP intensities of all 46 high-quality divergent genes in the ENCODE regions were at similar levels as those of actively transcribed genes and much higher than those of all genes (Fig. 5) .
To summarize the patterns of modified histones, we discretized the ChIP intensities as "elevated" or "diminished" in three regions: downstream of the reverse gene, throughout the bidirectional promoter, and downstream of the forward gene (see Methods). The most prominent histone modification pattern (32%) consisted of diminished signals in the bidirectional promoter and elevated signal downstream of both TSSs (labeled pattern 1 in Fig. 6 ). Smaller portions had diminished modification signals in the promoter and elevated signal downstream of either the forward TSS (9%; labeled 2 in Fig. 6 ) or the reverse TSS (15%; labeled 3 in Fig. 6 ). These patterns were most pronounced in H3K4me2 and H3ac (Fig. 6B,D) .
A case study of GABPA
GABPA binds to a majority of bidirectional promoters
We computationally predicted GABPA-binding sites in the human genome and sampled 118 sites randomly from three types of genomic regions for testing: bidirectional promoters, unidirectional promoters, and nonpromoters. We further characterized the binding sites in each of these regions as containing highscoring motifs, medium-scoring motifs, low-scoring motifs, or no motifs (see Methods for definition of motif scores). We then performed ChIP with an antibody recognizing GABPA and assayed the enrichment of precipitated fragments by quantitative realtime PCR (qPCR) in Jurkat and K562 cells (data available in Supplement 4). Figure 7 shows the breakdown of GABPA-bound fragments in the four motif categories at the fivefold enrichment cutoff. Our results show that GABPA binds to the majority (83%) of tested bidirectional promoters with high-scoring motifs (compared with 51% in unidirectional promoters and 14% in nonpromoters). From these data, we can estimate the proportion of GABPA-bound bidirectional promoters in the human genome as follows. GABPA binds to 83% of bidirectional promoters with high-scoring motifs and 21% of bidirectional promoters have at least one high-scoring motif, thus 17% (= 83%*21%) of bidirectional promoters have high-scoring motifs AND are bound by GABPA. Adding this to the estimates for medium-(16%) and low-(24%) scoring motifs gives a total of 57% of bidirectional promoters bound by GABPA. In contrast, it is estimated that only 7% of unidirectional promoters are bound by GABPA. This genomewide estimate agrees well with our results in the ENCODE regions, for which we tested 16 of the 23 bidirectional promoters and found that nine (56%) were bound by GABPA in two cell lines and 12 (75%) were bound by GABPA in at least one cell line. Thus, GABPA can bind to a majority of bidirectional promoters, and its binding frequency is overrepresented in bidirectional promoters compared with unidirectional promoters. This suggests that GABPA is a major regulator of bidirectional transcription.
GABPA motif presence correlates with binding in living cells
The higher the motif score is for a site, the higher the likelihood that the site is occupied by GABPA. In bidirectional promoters, 44% of low-scoring sites were bound by GABPA compared with 68% of medium-scoring and 83% of high-scoring sites. Similarly, Figure 5 . Histone modification ChIP intensities downstream of ENCODE genes. Average log2 ChIP intensity of several modified histones and formaldehyde-assisted isolation of regulatory elements (FAIRE) in all genes (Giresi et al. 2007 ), actively transcribed genes, and 46 divergent genes. Divergent genes have elevated histone modification signals downstream of their TSS, similar to actively transcribed genes.
in unidirectional promoters, 0% low-, 42% medium-, and 51% high-scoring sites were bound by GABPA. All regions that we tested with no sites showed no binding, suggesting that the GABPA consensus sequence is necessary for binding in living cells. This appears to be unique to GABPA; other sequencespecific factors have been reported to bind many regions that do not contain a match for their canonical sequence motif (Bieda et al. 2006 ). GABPA could be driven to bind bidirectional promoters because a larger proportion of bidirectional promoters contain medium-and high-scoring binding sites (Supplemental Fig. S3A ), and the number of binding sites is also greater (Supplemental Fig.  S3B ) compared with unidirectional promoters.
Eighty-six percent of the fragments we tested by ChIP contained more than one GABPA site. The fragments with the greatest enrichment usually contained one high-scoring site surrounded by several low-scoring sites. We sought to determine which characteristic-the score of the best binding site or the total number of binding sites-better predicted ChIP enrichment. We set the score threshold to the low level (log-likelihood score Ն3) and counted the total number of sites in the ChIPidentified fragment. The largest number of sites was seven, in a 185-bp long bidirectional promoter, while the average was three. The correlation between the total site count and ChIP enrichment (correlation coefficient = 0.40) is stronger than that between the highest site score and ChIP enrichment (correlation coefficient = 0.29), suggesting that having multiple sites is a better predictor of binding than having a single high-scoring GABPA site. In fact, these two characteristics frequently coincide; thus, it is possible that low-scoring sites help guide sequence-specific factors to high-scoring sites.
GABPA-binding sites are often required for bidirectional promoter activity
In a previous study, we systematically truncated and tested nine bidirectional promoters for activity in both directions by using a luciferase reporter assay (Trinklein et al. 2004 ). In the current study, we reanalyzed the truncated fragments by mapping binding sites of the aforementioned ab initio motifs in these nine promoters and found that eight of them contain at least one GABPA site that appears to be necessary for their bidirectional transcriptional activity. We define a binding site as necessary if the promoter activity was diminished in both directions after deletion of a fragment containing that site (Supplemental Fig.  S4) . The large number of necessary GABPA sites also supports its role as a major regulator of bidirectional promoters. However, in six of nine cases deletions of portions of the bidirectional promoter that did not have a GABPA site also showed diminished activity, indicating that there are other factors necessary for bidirectional promoter activity. For the case in Supplemental Figure S4A , a 30-bp region containing a single GABPA site was sufficient to drive transcription in both directions. Mutagenesis results further confirmed that 12 bases beginning at position 7 and overlapping the GABPA consensus CCGGAARYR are essential for bidirectional promoter activity (Fig. 8) . The footprint of GABPA may extend beyond the 9-bp consensus sequence, as an additional three bases were found to be important for transcription (Mutation 9 in Fig. 8 ). Mutations 14 and 1 also led to decreased promoter activity; however, they are at the ends of the fragment and the decrease in activity occurs in only one direction; thus, they most likely correspond to the transcription start sites of the forward and reverse genes, respectively.
Discussion
We performed a comprehensive computational analysis of sequence motifs in bidirectional promoters, categorizing all 604 vertebrate motifs in the TRANSFAC database. To test predictions made by this analysis, we used a large body of ChIP-chip data generated by the ENCODE Consortium, and also conducted detailed ChIP-chip and ChIP-qPCR experiments with an additional sequence-specific factor, GABPA. From this combination of predictions and experiments, we demonstrated the regulatory effect of GABPA on bidirectional promoters and identified an additional small set of sequence-specific transcription factors that appear to regulate bidirectional promoters preferentially. Interestingly, we did not uncover any motif exclusive to bidirectional promoters.
Our sequence analysis has been focused on the bidirectional promoters and not the divergent genes or regions further downstream. We intentionally excluded divergent genes that overlap exon sequences, as the promoters of these two genes do not overlap (they are in each other's genic space). Carninci et al. (2006) showed that many annotated nonoverlapping transcripts could also form overlapping transcripts. In these cases, each gene has a range of possible TSSs that varies within a 120-bp window. Because more than 120 bp separates the majority of gene pairs in our data set, the contamination by antisense transcripts is limited and probably has negligible effects on our results because we are investigating bulk properties of bidirectional promoters. We also note that although there are examples of regulatory elements in downstream and intronic regions (Kabat et al. 2006 ) and some may be exclusive to bidirectional promoters, we did not look for motifs beyond 50 bp downstream of the flanking TSSs.
The recognition sequences for GABPA, MYC, E2F1, E2F4, NRF-1, NFY, and YY1, as well as ACTACAnnTCC, are among the most conserved motifs found in human promoters. While they are found in all types of human promoters and not specialized to bidirectional promoters per se, they are significantly overrepresented in bidirectional compared with unidirectional promoters. Conversely, most (73%) vertebrate transcription factor motifs are underrepresented in bidirectional promoters. Thus, bidirectional promoters are characterized by the presence of binding sites for a limited set of transcription factors, and the absence of binding sites for the vast majority of transcription factors. This unusual composition of cis-acting sequences in bidirectional promoters is likely to be one of the major reasons why divergent genes are generally and broadly in active transcription mode. Accordingly, analysis of expression microarray data indicates that 68% of divergent genes are transcribed compared with 44% of all human genes. Moreover, divergent genes from different bidirectional promoters have significantly correlated expression patterns, likely reflecting the restricted motif composition of all bidirectional promoters at large.
Histone marks H3K4me2, H3K4me3, and H3ac are strongly indicative of transcriptional activity and, until now, they had not been examined specifically around human bidirectional promoters. Our conclusions based on histone modification ChIP-chip target lists and raw ChIP intensities are consistent, and suggest that divergent genes tend to be more actively transcribed than genes of unidirectional promoters. Additionally, because the ChIP signals for all the histone marks are diminished throughout bidirectional promoters, it is likely that these promoters are free of nucleosomes. Another histone mark H2K9ac was shown to be associated with low nucleosome density in human core promoters (Nishida et al. 2006) . The ground state of eukaryotic transcription is generally restrictive, such that chromatin-modifying activities must precede the binding of transcription factors to promoters and long-range elements (Struhl 1999) . Because chromatin in bidirectional promoters is more open than that for unidirectional promoters, an attractive hypothesis is that bidirectional genes are less restrictive than genes of unidirectional promoters and are either broadly transcribed or poised for transcription, already open and requiring the binding of only a single or a few TFs for transcription of each pair of divergent genes. Consistent with this argument, ChIP-chip data with two chromatin-remodeling complexes, BRG1 associated factor 155 and 170 (SMARCC1 and SMARCC2), indicate that they are underrepresented in bidirectional promoters.
Our finding that GABPA binds to at least 57% of bidirectional promoters in the human genome is strong evidence that it is a major regulator of bidirectional transcription. It is likely that GABPA binds to an even larger fraction of bidirectional promoters, as some GABPA binding sites can be suppressed by methylation and therefore missed in the cell types we studied here. Because it has been shown that GABPA does not bind to its recognition site when methylated (Yokomori et al. 1995 (Yokomori et al. , 1998 , and because the activities of CpG-rich promoters-a class to which almost all bidirectional promoters belong-are regulated by methylation (Reik et al. 2001; Fazzari and Greally 2004) , epigenetic mechanisms almost surely must play a significant role in bidirectional transcription. Methylation status may explain why truncating GABPA site-containing promoter regions did not lead to a severe decrease in bidirectional promoter activities in five of the nine cases that we tested by deletion analysis.
The most obvious explanation for the abundance of bidirectional promoters in mammalian genomes may be that this is a simple and elegant arrangement of gene pairs that need to be coregulated. Indeed, divergent genes have more correlated expression profiles than randomly paired genes. To maximize the Figure 8 . Mutagenesis of a 30-bp bidirectional fragment. Bases essential for promoter activity in each direction are underlined. Transversion mutations were introduced three bases at a time and shifted two bases for a total of 15 mutants. Mutation of a 12-bp region annihilates promoter activity in both directions. The consensus CCGGAARYR is recognized by the transcription factor GABPA. Asterisks (*) indicate position of transcription start sites. extent of coregulation, one could envision TF motifs exclusive to subsets of bidirectional promoters, which could be activated in distinct cell types under specialized conditions. In contrast, our study reveals that bidirectional promoters have not evolved to optimize the fine control of individual gene pairs. Rather, as a group, bidirectional promoters are likely to be regulated by a limited set of TFs and divergent genes have positively correlated expression patterns. We suggest that this is a simple mechanism for regulating genes that are generally and broadly transcribed.
Methods Two bidirectional promoter data sets
The first set of bidirectional promoters was selected to maximize quality and used for the ab initio motif search. TSS definitions were taken from DBTSS version 4.0 (Yamashita et al. 2006) , and the 500-bp or shorter intergenic regions between TSSs of oppositely stranded nonoverlapping transcripts were taken to be bidirectional promoters. This results in 376 bidirectional promoters.
The second set of bidirectional promoters was selected to increase quantity and used for binding-site enumeration and motif categorization. The 1-kb or shorter intergenic regions between oppositely stranded nonoverlapping transcription units (TUs) were taken to be bidirectional promoters. TUs were constructed by combining TSS annotations from three databases in order of preference: (1) DBTSS (Yamashita et al. 2006) , (2) hg16 RefGene table from UCSC (Karolchik et al. 2003) , and (3) PromoSer (Halees and Weng 2004). For those transcripts that were neither in DBTSS nor RefSeq, we used the 5Ј-most PromoSer TSS mappings with quality >2, which correspond to TSSs based on GenBank mRNAs excluding ESTs. Each transcript was then consolidated into TUs defined by PromoSer cluster identifiers. A total of 32,349 TUs were identified, and of the following composition: 9767 derived from DBTSS, 5228 derived from RefGene, and 17,354 derived from PromoSer. This results in 1304 bidirectional promoters. We believe that this larger bidirectional promoter set balances quality and quantity in the selection process.
One unidirectional promoter data set Using the previously described transcription units, we annotated 13,205 unidirectional promoters whose closest TU neighbor is >1 kb away. A total of 6503 unidirectional promoters are oriented in the forward genomic direction, while 6702 are oriented in the reverse genomic direction.
Gene ontology analysis
The names of divergent gene pairs from the second set of bidirectional promoters were extracted and analyzed using GO::TermFinder (Boyle et al. 2004) . GO::TermFinder analyzes a list of genes to determine whether any GO terms occur more frequently than would be expected by chance. The P-value was calculated using the hypergeometric distribution and the Bonferroni correction was applied to correct for multiple testing. We set a corrected P-value cutoff of 0.1 and obtained a limited list of enriched GO terms available in Supplement 5.
Motif discovery
Sequences from the first bidirectional promoter data set were extracted and analyzed using MEME Version 3.5.0 (Grundy et al. 1996) . We requested output of 15 motifs and further narrowed this list down to seven unique motifs by pairwise correlation of the 15 motifs . Two motifs were poly(A) and poly(T) repeats, and six motifs were reverse complements of other motifs in the set.
Motif representation calculation
Along with the ab initio discovered motifs, a set of known vertebrate PSSMs were extracted from TRANSFAC (Wingender et al. 1996; Fu and Weng 2005) , and mapped onto the large bidirectional promoter set using POSSUM (http://zlab.bu.edu/∼mfrith/ possum/). POSSUM calculates the log likelihood ratio of observing a subsequence given the motif definition versus observing the subsequence given the nucleotide composition in a 100-bp window around the subsequence. For background comparison, we individually checked the CpG dinucleotide content of every bidirectional promoter and sampled without replacement for a corresponding unidirectional promoter of the top 10 unidirectional promoters with closest CpG dinucleotide content. This results in an average CpG dinucleotide content of 7.42% in our random samples compared with 7.28% in all bidirectional promoters, and a C+G content of 61.83% in our random samples compared with 61.54% in all bidirectional promoters. The binding sites for all of the motifs were enumerated at different POSSUM log likelihood score cutoffs in all bidirectional promoters as well as the random samples. We averaged the classifications obtained by two methods to place motifs in the overrepresented, shared, or underrepresented category. The first method by voting determines whether the motif counts in bidirectional promoters (dotted line in Fig. 2 ) are predominantly (1) above the unidirectional sum (solid black line), (2) between the unidirectional sum and the single unidirectional counts (solid black and solid gray line, respectively), or (3) below the single unidirectional counts (solid gray line). The second method by distance calculation determines whether the motif counts in bidirectional promoters are closer to (1) the unidirectional sum, (2) the single unidirectional counts, or (3) the horizontal line with a height of 0, by summing the Euclidian distances between the motif counts at each log likelihood cutoff. Overrepresented, shared, and underrepresented motifs were coded as 1, 2, and 3, respectively, and the codes from the two methods were averaged across 10 randomized picks of unidirectional promoter sets. Overrepresented motifs have an average code Ն2.5, shared motifs have an average code <2.5 and Ն2, and underrepresented motifs have an average code <2. The detailed categorizations and statistical significance of overrepresentation are provided in Supplement 2.
ENCODE ChIP-chip factors in bidirectional promoters
Genomic target lists for various ChIP-chip experiments were reported at 10% false discovery rate cutoff by the ENCODE Consortium. We provide summary statistics of the target lists we used in Supplement 6. On average, each target was 765 bp in length, although the number of targets varied dramatically depending on the factor. Because the scope of the ChIP-chip experiments was within the ENCODE regions (1% of human genome), we extracted bidirectional and unidirectional promoters in these regions using previously defined TUs that overlap with the ENCODE regions, resulting in 23 bidirectional promoters (46 divergent genes), and 227 unidirectional promoters (provided in Supplement 6). A target is said to overlap a promoter (bidirectional or unidirectional) if at least one base pair of the target overlaps within a 500-bp window around the promoter; hence, a portion of the downstream region is also captured in the overlap analysis. This is important, as histones are depleted at the promoter but not downstream of the TSS. We report the percentage of bidirectional promoters (and unidirectional promoters) that overlap with the target list at every rank cutoff. Factors that are overrepresented show greater overlap in bidirectional promoters than twice the overlap in unidirectional promoters across 70% of the rank cutoffs (the solid line labeled A in Fig. 4 is above the dash-dot line labeled B 70% of the time).
Histone modification analysis
We analyzed raw ChIP-chip enrichment scores of four modified histones (H3ac, H4ac, H3K4me2, and HeK4me3), all in HeLa cells, after 30 min of retinoic acid stimulation. Our results do not change if we separately analyze or include ChIP signal intensities of modified histones before stimulation. To categorize histonemodification patterns, we averaged the overall signal intensities in the diminished intergenic region and the elevated downstream 1-kb region, and checked whether the average signals of three regions in individual bidirectional promoters (1 kb downstream of the reverse gene, bidirectional promoter region, and 1 kb downstream of forward gene) were closer to the overall elevated or diminished averages. For example, the average H3ac signal intensity is 1.90, 1 kb downstream of the reverse strand gene NM_024298, and 1.29, 1 kb downstream of the forward strand gene NM_024075. The bidirectional promoter regulating both genes has an average signal intensity of 0.80. Comparing each number from these three regions to the elevated (1.54), and diminished (0.91) H3ac signals of all divergent genes, we categorize the first and second region as elevated, and the third region as diminished, because the first and second numbers are closer to 1.54, while the third number is closer to 0.91. The ChIP intensities in the overall diminished intergenic region are typically half that of the overall elevated downstream 1-kb regions (see Supplemental Table S1 ).
Microarray analysis
We used binary (MAS5 absent/present) expression profiles from Affymetrix U133 array to analyze the overall expression levels of all genes and coexpression levels of divergent genes in the ENCODE regions (Koch et al. 2007 ). To correlate gene-expression profiles, we used the GNF data set of 156 Affymetrix U133 microarray experiments across 78 human cell types (Su et al. 2004) . Because a gene can map to several probesets on the microarray, we computed the mean of all pairwise correlation coefficients between probeset pairs. We did not use the signed absolute maximum as in an earlier study (Li et al. 2006) , because this systematically exaggerated the correlations and resulted in bimodal distributions for all gene sets we examined-even the randomly paired genes of unidirectional promoters. The earlier study used randomly paired probesets as the background, and hence, did not reveal this artifact (Li et al. 2006 ).
Deletion constructs
Binding sites of the ab initio discovered motifs were mapped to eight deletion construct experiments using the cis-element prediction program POSSUM (score cutoff = 7), and visualization program MotifViz (Fu et al. 2004) . Deletion construct functional assays were previously conducted and reported by Trinklein et al. (2004) .
Mutation analysis of 30-bp fragment
We generated 3-bp substitution mutations throughout a 30-bp region in one bidirectional promoter and tested each for promoter activity in both directions. We produced these mutations by using random transversions (Pu → Py; Py → Pu) three bases at a time, and shifting by two bases. Both strands of each mutant construct were synthesized by Operon (standard phosphoramadite synthesis), annealed, cloned, and sequence verified. The transcriptional activity was assayed in HT1080 cells in two directions using the luciferase reporter vector described in Trinklein et al. (2004) .
GABPA ChIP-qPCR
Genomic GABPA-binding sites were computationally predicted using POSSUM, and 118 sites stratified by region (bidirectional promoter, unidirectional promoter, or nonpromoter), and binding site score (high, medium, low, or no motif) were randomly selected for testing. Binding sites are called high scoring if they have a POSSUM log likelihood score >9; medium scoring if they have a score between 8 and 9; and low scoring if they have a score between 3 and 8.
Sonicated chromatin from either 2 ‫ן‬ 107 K562 cells or 4 ‫ן‬ 107 Jurkat cells was incubated for 24 h with 5 µg of mouse monoclonal GABPA antibody (catalog # sc-28312, Santa Cruz Biotechnology) coupled to sheep anti-mouse IgG magnetic beads (Dynal Biotech). The magnetic beads were washed five times with buffer containing 100 mM Tris, 500 mM LiCl, 1% NP-40, and 1% deoxycholate, and once with TE buffer (10 mM Tris at pH 8.0, 1 mM EDTA). The DNA was then eluted by incubating in buffer containing 1% SDS and 0.1 M NaHCO3 at 65°for 1-2 h. After removing the magnetic beads, the eluent was further incubated for 16 h at 65°to reverse the cross-links. A phenol chloroform extraction was performed and the aqueous phase desalted and concentrated using the QIAquick PCR purification kit (QIAGEN).
We performed real-time PCR to measure the enrichment at each promoter by incorporation of SYBR-green. We designed primers around the highest-scoring GABPA motif in a promoter, so that the final amplicon was 60-100 bp in length. Reactions were performed according to Bio-Rad recommendations for detection on the iCycler instrument. For each amplicon, we constructed a standard curve of threshold cycles from 50 ng, 5 ng, 500 pg, and 50 pg of genomic DNA (Roche). We then fit the threshold cycle of ChIP-enriched DNA to determine the quantity of starting template. To determine the fold enrichment for any particular fragment, the quantity of starting template was divided by the average starting quantities of three negative controls.
